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Abstract: The parent phosphinidene-carbene adduct NHC=PH is a versatile synthon in main group chemistry
and can act as an electronically flexible ligand for transition metals. Previously, it could only be synthesized with
sterically demanding N-aryl substituents. This paper describes simple methods for the synthesis of NHC=PH
adducts with varying steric demand from elemental phosphorus or easily accessible phosphorus sources.
Furthermore, the reactivity of NHCs towards PH, was investigated. It was shown how a NHC inserts into the P-H
bond of PH,, which opens up a route to NHC=PH adducts from an imidazolium salt and PH,. The adducts were
used in the simple syntheses of bis(phosphinidene) mercury(i) and group 6 pentacarbonyl parent phosphinidene
complexes. Their electronic and structural properties were investigated to elucidate the influence of the NHC on

the phosphinidene and identify possible applications.
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1. Introduction

Phosphinidenes are a highly reac-
tive class of low-coordinate main group
compounds, which easily oligomerize to
cyclophosphanes.l!l Free phosphinidenes
have eluded isolation so far. However,
they can be stabilized in the presence of
Lewis bases or in the coordination sphere
of a metal.l?l Since their first preparation,
N-heterocyclic carbenes (NHC) have been
used for the stabilization of numerous main
group species,®! including substituted
phosphinidenes PR.I*l Recently, the NHC-
stabilized parent phosphinidene NHC=PH
has been isolated using three different syn-
thetic protocols (Scheme 1).15-71
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The parent phosphinidene—carbene ad-
duct PPPNHC=PH 1a (P*"NHC = bis(2,6-
diisopropylphenyl)imidazol-2-ylidene)
can be prepared from a phosphasilene and
the corresponding carbene by H—P trans-
fer.5] It is also accessible from sodium
phosphaethynolate, Na(OCP) or the sub-
stituted heptaphosphide (Me,Si),P, and
the corresponding imidazolium salt.l6!
Furthermore, it can be obtained by metha-
nolysis of """NHC=PSiMe..["!

The adduct 1a has been used for the
synthesis of carbene-supported P, and

PASP cations and radicals.l®! The reaction
of 1a with chlorophosphanes in presence
of DABCO gives rise to NHC-substituted
chlorodiphosphanes PPPNHC=P-PCIR and
their cationic derivatives, [PPPNHC=P-
PR]*, which depending on the steric bulk
of their substituents, can be isolated in mo-
nomeric or dimeric form.[8! Bertrand and
co-workers have isolated the carbene-sta-
bilized parent phosphenium cation [NHC-
PH,]* by treating a NHC=PH adduct
featuring very bulky N-substituents with
trifluorosulfonic acid.!®! These results indi-
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Scheme 1. Several routes to parent phosphinidene-carbene adducts are described in literature."
However, they are limited to the use of the sterically demanding PPPNHC.
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cate that NHC=PH adducts can be used as
versatile synthons for the preparation of a
variety of organophosphorus compounds.

Furthermore, NHC=PH adducts can
act as versatile one- or two-electron li-
gands in transition metal complexes. Upon
reaction with metal halogenide precur-
sors, the carbene-stabilized phosphinidene
unit NHC=P can bind covalently to metal
centers and thus act as a one-electron li-
gand. By this method, the ruthenium
and rhodium phosphinidene complexes
[(P*"NHC=P)RuCIL] (L = m’-p-cymene)
and [("*NHC=P)RhCIL] (L = n*-C,Me,)
were prepared from "P"PNHC=PSiMe, and
the corresponding dichloride precursors.7]

The phosphorus lone pair can also coor-
dinate metal centers in a dative fashion, so
that the NHC=PH unit acts as a two-elec-
tron ligand. Bertrand and co-workers have
reacted a NHC=PH adduct with Fe (CO),,
yielding the iron complex [(NHC=PH)
Fe(CO),], in which the geometry around
the phosphorus atom is trigonal pyrami-
dal. Even though the natural bond analysis
(NBO) analysis of the complex revealed a
second lone pair on the P center, addition
of excess Fe,(CO), did not lead to further
coordination. This was assumed to be due
to steric hindrance caused by the bulky
Fe complex in conjugation with the very
bulky NHC. Indeed, the second lone pair is
accessible. If two equivalents of the linear
gold complex [AuCl(tht)] (tht = tetrahy-
drothiophene) are added to the NHC=PH
adduct, the bis-metal complex [(NHC=PH)
(AuCl),] is formed.!!

In this article, we review our work
on versatile, direct routes to parent phos-
phinidene—-NHC adducts and their use as
transition metal ligands. Furthermore, we
report on the synthesis and characteriza-
tion of NHC=PH group 6 pentacarbonyl
complexes.

2. Results and Discussion

The synthetic routes to NHC=PH ad-
ducts described above are limited to the
use of NHCs with sterically demanding
N-aryl substituents. Exposure of Na(OCP)
or (Me,Si),P. to N-alkylated imidazolium
salts (e.g. 1,3-dimethylimidazolium chlo-
ride or 1,3-diisopropylimidazolium chlo-
ride) did not lead to NHC=PH adducts. As
the large steric bulk of the N-aryl substitu-
ents can lead to steric hindrance of some
reactions, we were interested in finding a
more versatile access to NHC=PH adducts.

We have thus investigated differ-
ent phosphorus sources and have shown
that the NHC=PH adducts la-e with
N-substituents of varying steric bulk can
be prepared from sodium heptaphosphide
Na,P, and even from elemental phospho-
rus, P, (Scheme 2).l!%1 Even though these
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Scheme 2. NHC=PH adducts 1a—e with NHCs of varying steric bulk are easily accessible from
Na,P, or P, and KOtBu. a: R = Dipp, R"=H, b: R=Mes,R'=H,c:R=/Pr,R"=H,d: R=Me, R’ =

H, e: R =Me, R’ = Me.l'¥

phosphorus sources are easily accessible,
they suffer from rather poor atom efficien-
cy, as only one (in case of P,) or three (in
case of Na,P.) phosphorus atoms are incor-
porated into the NHC=PH adduct, whereas
the others form bis(carbene) stabilized P(1)
cations or insoluble polyphosphides.

To find a more atom efficient route, we
envisioned the use of a mononuclear phos-
phorus source. Monophosphine (PH,) has
been employed as a versatile precursor to
organophosphorus compounds.l'!l Despite
its limited usability in laboratories due to
its high toxicity, it is considered a cheap
and rather easy to handle phosphorus
source industrially. Even though the reac-
tivity of NHCs towards main group com-
pounds has been studied extensively, their
reactivity towards PH, remained unknown.
We have shown that the saturated analogue
of 1a, DippNHC*=PH 3a (DippNHC" =

1,3-bis(2,6- diisopropylphenyl)imidazo-
lin-2-ylidene) can be synthesized from the
corresponding imidazolium salt and PH,
(Scheme 3). The in situ generated NHC
inserts into the P-H bond of PH,, giv-
ing rise to the phosphanyl-imidazolidine
[DippNHC'-H]-[PH,] 2. This can subse-
quently be dehydrogenated with an ortho-
quinone to the phosphinidene 3a.l2!

This reaction is highly sensitive to the
electronic properties of the NHC. Whereas
the saturated PPPNHC" reacts readily with
PH,, the unsaturated analogue "*"NHC
does not show any reaction. Furthermore,
it is also sensitive to the steric properties
of the NHC. If the related N-mesityl sub-
stituted M*NHC" is exposed to PH,, the
bis(imidazolidine) phosphanyl species
[M“NHC"-H] -[PH] (4b) is formed selec-
tively (Scheme 4). The *'P-NMR spec-
trum exhibits a doublet of triplets at & =
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Scheme 3. The in situ generated carbene inserts into the P-H bond of PH,, giving rise to a phos-
phanyl-imidazolidine 2a, which can be subsequently dehydrogenated to the NHC=PH adduct

3a.l

PH, + NaOtBu

S el
Mes |* [N>

Mes or , Mes Mes
N+ _ {[Na(OBu)[Na(PH,)}} N H Mes N HH N
Cye - Lt o )
N THF N PHz| NaOtBu N BN
i\/les Mes i\/les Mes{

2b 4b

Scheme 4. If the mesityl-substituted imidazolium salt is used instead of the Dipp-substituted, the
phosphanyl-imidazolidine 2b reacts further to the bis(imidazolidine) phosphanyl 4b, which cannot
be dehydrogenated.



LAureaTEs: JuNIOR PRrizes oF THE SCS FaLL MeeTing 2015

281

CHIMIA 20186, 70, No. 4

—40.9 ppm ('J,,, = 203 Hz, °J,, = 18 Hz).
As opposed to 2a, which is easily dehy-
drogenated to 3a, 4b is stable against de-
hydrogenation.

We have shown previously that 2a
can be obtained by either exposing the in
situ generated "PNHC" to PH, or by the
reaction between the imidazolium salt
[PPNHC"-H]-[Cl] and the sodium tert-
butoxide/sodium  dihydrogenphosphide
aggregate {[Na(O'Bu)] [Na(PH,)]} (x =
2.5).1121 In order to investigate the mecha-
nism of the formation of 4b, we monitored
the reaction of [MSNHC"-H]-[Cl] with the
Na(PH,) aggregate by *'P-NMR spectros-
copy. After 15 min, the spectrum exhibited
two sets of signals in an approximately 1:1
intensity ratio. One corresponded to 4b,
the other one, a triplet of doublets at 8 =
-144.1 ppm (J,, = 186 Hz, 'J,,, = 18 Hz),
can be attributed to the related phospha-
nyl-imidazolidine [M=NHC"-H]-[PH,]
2b. Over the course of 24 h, the mix-
ture was converted quantitatively to the
bis(imidazolidine) phosphanyl species
4b. This suggests that the formation of 4b
from PH, or the Na(PH)) aggregate pro-
ceeds via the formation of the phosphanyl-
imidazolidine 2b, which then reacts further
with a second equivalent of [MSNHC'-
H]-[C1] under deprotonation with excess
Na(OrBu) to 4b (Scheme 4). It is noted
that the exposure of 2a to Na(OrBu) does
not result in any reaction, which can be ac-
counted for by the larger steric bulk of the
N-substituents.

Single crystal X-ray diffraction was
used to unambiguously identify the
bis(imidazolidine) 4b (Fig. 1). Its bond
distances and angles are similar to those
of the imidazolidine 2a (Table 1). The C1-
P1 as well as the N1-C1 and N2-C1 bond
distances of 4b do not differ significantly
from those of 2a. The C2-C3 distance
in 4b (1.487(5) A) is shorter than in 2a
(1.526(2) A) and the N1-C1-N2 bond angle
(102.2(2) °) larger than in 2a (101.5(1) ©)

Fig. 1. ORTEP plot of the bis(imidazolidine)
phosphanyl 4b. Hydrogen atoms apart from
the phosphorus and the carbene-C bound
hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are shown at 50% prob-
ability.
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Scheme 5. Group 6 pentacarbonyl complexes of the NHC=PH unit are easily accessible through
CO replacement. Upon exposure of mixtures of 1a and metal hexacarbonyls to UV radiation, the

complexes 6a—c are formed.

We have recently reported the reac-
tion between the adducts PPPNHC=PH
and PP"NHC"=PH and mercury dichloride
in presence of a strong base to obtain the
bis(carbene-phosphinidenyl)mercury(1r)
complexes [(P"NHC=P) Hg] (5a) and
[(P"NHC =P),Hg] (5b), in which the mer-
cury centers are coordinated linearly by
two phosphinidene—carbene units. A com-
parison of the structural properties of the
adducts 1a and 3a and the mercury com-
plexes 5a and Sb revealed that the differ-
ent electronic properties of the unsaturated
versus saturated NHCs are not reflected in
the structures.!12]

In addition to these findings, here we
describe group 6 pentacarbonyl parent
phosphinidene complexes of the structure
[(P""NHC=PH)M(CO).] (6a—c, M = Cr,
Mo, W), in which the NHC=PH unit acts
as a two-electron ligand. These complexes
are easily accessible from the metal hexa-
carbonyls and the adduct 1a (Scheme 5).
Upon exposure of a THF solution of la
and the metal hexacarbonyl M(CO), (M =
Cr, Mo, W) to UV light at room tempera-
ture, one CO molecule is replaced by the
PirPNHC=PH unit. The conversion strongly
depends on the CO-pressure in the reac-
tion vessel. If the reaction is carried out in
closed flask, the conversion of 1a does not
exceed 20%, whereas if it is connected to
an argon Schlenk line with an overpres-
sure valve, nearly-quantitative conversion

is observed. Excess NHC=PH and M(CO),
were removed by washing with n-hexane,
yielding the pentacarbonyl complexes as
pale yellow powders in 65 to 82% yield.
The complexes exhibit doublets be-
tween —120.6 and -161.9 ppm ('/,, = 214
to 217 Hz) in the 3'P-NMR spectra.
Comparing the *'P-NMR resonances of the
free NHC=PH (6 =-136.7 ppm) to the res-
onances of the group 6 complexes, the co-
ordination to chromium has a deshielding
effect (8 =-120.6 ppm, A = —16.1 ppm),
whereas the coordination to molybdenum
(6=-147.3 ppm,Ad=-10.6 ppm) and tung-
sten (0=-161.9 ppm, A3 =-25.2 ppm) has
a shielding effect. The 3'P-NMR chemical
shift is influenced by a local diamagnetic
term, a paramagnetic term, the neighbor
anisotropy effect and interatomic currents.
The local diamagnetic term depends on the
electron density around the phosphorus at-
om.[13] Coordination to a metal center leads
to a lower electron density at the phospho-
rus atom and thus, a deshielded resonance
is expected, as observed for chromium.
However, heavy atoms can exhibit a
strong neighbor anisotropy effect and thus
a shielding influence on the *'P-NMR res-
onance.['4151 In case of molybdenum and
tungsten, this effect appears to be stron-
ger than the deshielding influence of the
coordination of the lone pair. The same
trend was observed in group 6 pentacar-
bonyl phosphine complexes, in which the

Table 1. Comparison of selected bond lengths and angles of [PPPNHCH][PH,] (2a),['2] [MesNHC*-H],-
[PH] (4b), PPNHC=PH (1a),ll and the metal complexes [(DippNHC=PH)M(CO),] (6a = Cr, 6b = Mo,
6¢ = W) determined by single crystal X-ray difraction.

2a 4b la 6a 6b 6¢
Cl-pta 1.885(2) 1.896(3) 1.752(1) 1.821(3) 1.804(3) 1.807(3)
P1-M? - - 2.470(1) 2.619(1) 2.608(1)
N1-CI1? 1.454(2) 1.466(3) 1.373(1) 1.357(3) 1.360(3) 1.360(4)
N2-C1® 1.456(2) 1.4543) 1373(1) 1.357(3) 1.357(3) 1.359(4)
Cc2-C3# 1.526(2) 1.486(4) 1.341(2) 1.337(5) 1.337(4) 1.339(4)
NI-C1-N2° 101.5(1) 102.1(2) 104.3(1) 105.7(3) 105.6(2) 105.5(2)
Cl1-P1-M" - - 110.6(1) 114.5(1) 114.0(1)

aBond length given in A.*Bond angle given in °.
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3'P-NMR resonances become more shield-
ed from chromium to tungsten.!4.15]

The *'P-NMR spectrum of the tungsten
complex 6¢ exhibits '3W-satellites ('#3W:
14.3% abundant, I = ¥2) with a coupling
constant of '/, = 48 Hz. The "“W?'P cou-
pling constant was shown to be a sensi-
tive measure for the electronic properties
of phosphine ligands and increases with
the electronegativity of the phosphorus
substituents.l'®!  For tungsten pentacar-
bonyl phosphine complexes [W(CO),PR,]
coupling constants between 142 Hz (R =
Me,Sn) and 485 Hz (R = F) have been re-
ported 116,171 The exceptionally small cou-
pling constant observed here suggests that
the NHC unit in 1a serves as a strong elec-
tron donor. That is, the dipolar resonance
structure NHC*-P'H strongly contributes
to the electronic ground state.

The solid-state structures of the com-
plexes 6a—c were determined by single
crystal X-ray diffraction. Fig. 2 depicts
the structure of the tungsten complex 6¢
as an example. Selected bond lengths and
angles are listed in comparison to those of
1a in Table 1. The significant contraction
of the C1-P1 bond and the widening of the
N1-C1-N2 bond angle upon coordination
of 1a to the metal pentacarbonyls can be
attributed to the large steric demand of the
pentacarbonyls. The P1-M distances of
the molybdenum and tungsten complexes
6b (2.619 A) and 6¢ (2.608 A) are about
0.15 A longer than the distance of the chro-
mium complex 6a (2.470 A). Furthermore,
the C1-P1-M bond angles of 6b and 6c are
about 4° wider than the angle of 6a. Both
effects can be attributed to the larger atom-
ic radii and larger steric demand of molyb-
denum and tungsten versus chromium. The
P-M distances observed here are longer
than typical distances of group 6 metal
phosphines M-PR, (Cr: 2.31-2.33 A, Mo:

Fig. 2. ORTEP plot of the PPPNHC=PH tungsten
pentacarbonyl complex 6¢c. Hydrogen atoms
apart from the phosphorus bound hydrogen
atoms have been omitted for clarity. Thermal
ellipsoids are shown at 50% probability.

2.52 A, W: 2.54 A for M-PPh ;) and phos-
phides M-PR, (Cr: 2.32 A, Mo: 2. 39 A).18l

In order to quantify the steric demand
of NHC ligands, Cavallo and Nolan pro-
posed the use of the ‘percent buried vol-
ume’ %V, , whichis defined as the percent
of potential coordination sphere around a
metal occupied by the ligand and calculat-
ed from crystallographic data.['1 For the
PiePNHC=PH ligand 1a a percent buried vol-
ume of %V, = 30.4% was obtained. This
value is smaller than that of PPh, (%V,,
= 34.5%) and corresponds to the value of
PnBu, (%V,  =30.4%). It is considerably
smaller than that of the corresponding
Die’NHC in the complex [PPPNHCAuCI]
(%Vy,. = 39.0%).129 This lower steric hin-
drance of the metal center despite the bulky
substituents on the NHC can be attributed
to the larger distance between the metal
and the NHC. Correspondingly, metal
complexes with NHC=PH ligands could
be interesting candidates for homogenous
catalysis as their metal centers suffer from
less steric hindrance than their NHC coun-
terparts.

3. Conclusion

Parent phosphinidene—carbene adducts
NHC=PH with varying steric bulk have
been synthesized from elemental phospho-
rus P, or the easily accessible phosphorus
sources Na,P,, (Me,Si),P, and Na(OCP).
Furthermore, N- heterocychc carbenes
were shown to insert into a P-H bond of
PH,, giving rise to a phosphanyl-imid-
azolidine, which can be dehydrogenated
to the NHC=PH adduct. The interaction
between PH, and N-heterocyclic car-
benes strongly depends on the steric and
electronic properties of the NHC. The
NHC=PH adducts can act as electronically
flexible ligands and can be used to generate
bis(phosphinidene) mercury(ir) complexes
of the structure [(NHC=P) Hg]. Moreover,
group 6 pentacarbonyl complexes of the
structure [(P"NHC=PH)M(CO).] are eas-
ily obtained by photolysis of solutions con-
taining NHC=PH and metal hexacarbonyls.
Calculations of the percent buried volume
revealed only low coverage of the metal
center by the NHC=PH ligand despite its
sterically demanding substituents. This
might prove useful for the application in
homogenous catalysis, as the ligand keeps
the metal sufficiently free for catalytic
interaction and still provides kinetic sta-
bilization to the complexes. Accordingly,
further investigations of metal complexes
with NHC=PH ligands, which can be used
in homogeneously catalyzed reactions, are
planned.

4. Experimental

4.1 Materials and Methods

All reactions were carried out un-
der argon using either standard Schlenk
techniques or an argon-filled glove box.
Solvents were purified using an Innovative
Technology PureSolv MD 7 solvent pu-
rification system. All reagents were used
as received from commercial suppliers
unless otherwise stated. The compounds
PiNHC=PH (1a),[10! [M=NHC"-H]-[C1]2!]
and{[Na(OrBu)] [Na(PH,)]} (x = 2.5)22]
were synthesized following literature
procedures. Reactions involving PH, gas
were carried out in a setup and follow-
ing a procedure described by Pringle and
co-workers(23l and PH, electronic grade,
> 99.9995% was used.

UV irradiation was carried out with a
mercury vapor pressure lamp (Heraeus TQ
150, 150 W) inside a quartz dip tube in a
temperature-controlled water bath. X-ray
single crystal diffraction studies were per-
formed on a Bruker Smart APEX or an
Oxford XCalibur S diffractometer, both
equipped with a molybdenum X-ray tube
(A=0.7107 A).

Percent buried volume %V, was cal-
culated using the user friendly online tool
SambVca available at www.molnac.unisa.
it/OMtools/sambvca.php with the default
parameters as suggested by Cavallo and
co-workers (sphere radius R = 3.5 A, M-P
distance d = 2.10 A, Bondi radiil* scaled
by 1.17, mesh spacing s = 0.05 A, includ-
ing H-atoms).[23]

4.2 Synthetic Procedures
4.2.1 Synthesis of [MesNHC*-H] -[PH]
(4b)

A suspension of the imidazolium salt
[MeNHC"-H]-[C1] (257 mg, 0.75 mmol) and
sodium fert-butoxide (96 mg, 1.0 mmol)
in THF (15 mL) was treated with PH, as
described previously for the synthesis of
[P""NHC"-H]-[PH,].l"?! Volatiles were re-
moved under reduced pressure from the
yellow suspension and the product ex-
tracted with n-hexane (3x 3 mL). Removal
of the solvent under reduced pressure and
recrystallization from n-hexane yielded 4b
as a pale yellow, crystalline solid (280 mg,
0.433 mmol, 57%). Single crystals suitable
for X-ray diffraction were obtained from a
saturated n-hexane solution at —30 °C.

4.2.2 Synthesis of the Complexes
[(DippNHC=PH)M(CO) ] (6a-c, M = Cr,
Mo, W)

In a 200 mL Schlenk tube, 1a (210 mg,
0.500 mmol) and the equimolar amount
of the corresponding metal hexacarbonyl
were dissolved in THF (20 mL). The flask
was connected to an argon Schlenk line fit-
ted with an overpressure valve set to 0.1 bar
overpressure and exposed to UV radiation.
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The reaction was monitored by *'P-NMR
spectroscopy. After radiation times of 5 to
10 h, maximum conversions of 90-95%
were observed. The solvent was removed
under reduced pressure and the residue
washed with n-hexane (5x 5 mL) to remove
excess starting materials. Recrystallization
from boiling toluene gave the complexes
as yellow crystalline solids in 65-82 %
yield. Single crystals suitable for X-ray
diffraction were obtained from saturated
toluene solutions at —30 °C (M = Cr) or
from saturated toluene solutions layered
with n-hexane (M = Mo, W).

Supplementary Information

The structures discussed here have been
deposited with the Cambridge Structural
Database under the numbers CCDC 1446562,
1446676, 1446858, 1446859.
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